. Binding of growth factors to proteoglycans is thought to have an important regulatory role (Ruoslahti and Yamaguchi, 1991) . This has been particularly well explored for FGF, in which it has been shown that heparins (or heparan sulfate proteoglycans) are necessary for FGF-induced biologic&l responses (Mason, 1994 by the program GRASP (Nicholls and Honig, 1991) . The electrostatic potential was calculated for uncomplexed FGFl and is contoured at *2 kT. The potential for FGF2 is contoured at f 2.5 kT (Zhu et al., 1991 (Zhu et al., , 1993 .
would correspond to an apparent molar concentration of approximately 1O-6 M. Interaction with low affinity receptors can also provide the ligands with important kinetic advantages. Let us consider the case of the FGFs. Heparan sulfate proteoglycans that serve as low affinity receptors for FGFs are negatively charged molecules, while FGFl is markedly electrostatically polarized and FGF2 is highly positively charged (Figure 1) . Binding of FGFs to heparan sulfate proteoglycanson the cell surface is, therefore, likely to occur with a very high association rate. Indeed, it has been shown that the rate of reactions controlled by such electrostatic attraction can exceed the rate of a diffusion-limited bimolecular reaction (Sharp et al., 1987) . Once bound to the low affinity receptors, FGF molecules will exhibit rapid lateral mobility, since most surface receptors diffuse in the plasma membrane with apparent diffusion coefficients of 1 O-g to lo-lo cm2 per second. This lateral mobility will allow frequent encounters between the signaling receptor surface proteoglycan low-affinity receptors signaling receptor The electrostatistically polarized or basic FGF molecules (blue) bind with rapid on rates to the negatively charged cell surface heparan sulfate proteoglycans (red). Once restricted to two dimensions, the probability of the FGF molecules interacting with the high affinity sig naling FGF receptors is greatly increased. The rapid association and dissociation rates of FGF from the surface proteoglycan in the vicinity of the high affinity receptors will allow the formation of a stable complex with the signaling receptor (arrow with solid line). It should be noted that the binding sites on FGF for heparan sulfate proteoglycans and for the signaling receptors are distinct. Dissociation from the proteoglycan is therefore not required for interaction of FGF with the high affinity signaling receptors, Reduced dimensionality will also augment formation of the ternary complex shown in Figure 3 . The right-hand part of the schematic shows the much less efficient process of direct binding of FGF to the high affinity receptor (arrow with broken line), which does not take advantage of the increased efficiency offered by reduced dimensionality.
occupied high density low affinity receptors and the unoccupied, less abundant high affinity receptors (Figure 2) . Moreover, the low affinity receptors, to which association rates are very high, also exhibit high dissociation rates for the bound ligand, while the high affinities of the signaling receptors are usually determined by their slow off rates. It is therefore probable that dissociation from a low affinity receptor in the vicinity of high affinity receptors will lead to formation of the more stable complex with the signaling receptor (Figure 2 ). This is essentially a variation on the proposal mentioned above that proteoglycans serve as a reservoir of growth factors. However, both kinetic and thermodynamic considerations make it clear that an enzymatic degradation event is not necessary for ligand binding to the high affinity receptor. A major advantage of this organization is that the on rate for ligand binding to low affinity receptors can be very rapid (Tartaglia et al., 1993) . The higher affinity of the signaling receptor negates any need for a presentation event. In fact, as shown in Figure  3 , dissociation from the low affinity receptors is not necessarily required for ligand binding to the signaling receptor. Reduced dimensionality will also augment formation of a ternary complex.
In addition to accelerating the arrival of ligands at their high affinity receptors, proteoglycans can play an important role in activation of the signaling receptor. This is particularly apparent in the case of the FGFs. It is now well established that growth factors and lymphokines activate their specific receptors by inducing receptor dimerization or oligomerization Figure  3 ). This is the most likely explanation for the plethora of studies showing an effect of heparin on FGF binding affinity (Yayon et al., 1991; Roghani et al., 1994; Mason, 1994 along the DNA until it reaches a specific high affinity /ac operator recognition site (Richter and Eigen, 1974; Berg et al., 1981) .
